The ability of an oocyte to support early embryonic development requires both nuclear and cytoplasmic maturation. We have investigated the effects of brain-derived neurotrophic factor (BDNF) on maturation of the bovine oocyte and embryo development after parthenogenetic activation. By RT-PCR and immunohistochemistry, cumulus and oocytes were shown to express mRNA and protein for BDNF and the p75 common neurotrophin receptor. However, mRNA for the BDNF-specific full length and truncated isoforms of the TrkB receptor are only detected in cumulus, suggesting that oocytes and cumulus differ in their capacity to respond to neurotrophin signalling. In in vitro maturation experiments, the proportion of cumulus oocyte complexes maturing to metaphase II was not altered by BDNF in groups lacking fetal calf serum (FCS), but was significantly lower than the positive control containing 10% FCS (P < 0.01). However, after maturation, the proportion of parthenogenetically activated oocytes forming blastocysts was highest for 10 ng/ml BDNF (24%, n 5 95) followed by 100 ng/ml BDNF (18%, n 5 91) and 10% FCS (15%, n 5 103), which in turn were greater than no serum (10%, n 5 83; P < 0.01). Maturation in the presence of a BDNF blocking antibody resulted in a blastocyst yield that was comparable to the absence of serum, and lower than in the presence of BDNF (P < 0.01). Similar effects on progression to metaphase II and blastocyst formation were observed using oocytes matured without cumulus. Together, these results provide the first evidence for a role for neurotrophins in promoting oocyte cytoplasmic competence to support embryonic development, despite being insufficient in the absence of serum to enhance nuclear maturation. 
Introduction
Oocyte competence to support development after fertilisation or parthenogenetic activation is acquired gradually over the course of oogenesis and folliculogenesis and is completed during meiotic maturation (Eppig 2001 , Liu & Aoki 2002 , Liu et al. 2003 . At this time the meiotic segregation of chromatin is accompanied by critical changes in oocyte cytoplasm that remain poorly defined. The significance of these changes is illustrated by the wide differences observed in embryo developmental competence following variations in oocyte in vitro maturation culture conditions (Keskintepe & Brackett 1996 , Krisher & Bavister 1999 , Watson et al. 2000 . A broad range of factors has been found to improve meiotic maturation in vitro and subsequent embryo developmental potential. These include supplementation of culture media with follicular fluid or serum, or specific gonadotrophins, steroid and thyroid hormones, retinoids, and different energy substrates and nutrients. These can benefit oocytes directly or via cumulus cells (see reviews by Sutton et al. (2003) , Chian et al. (2004) ). Specific growth factors identified as intra-ovarian regulators of oocyte maturation that have been shown to be beneficial to bovine oocyte developmental competence in in vitro studies include epidermal growth factor (EGF), insulin-like growth factor I (IGF-I), activin A, inhibin A, and midkine, a heparin-binding growth factor (Lonergan et al. 1996 , Stock et al. 1997 , Rieger et al. 1998 , Silva & Knight 1998 , Ikeda et al. 2000 .
There is increasing evidence of a role for neurotrophins in ovarian development and function, including oocyte maturation. Neurotrophins are a family of related growth factors initially identified to be important for regulation of neuronal survival and differentiation, but which have also been described in a variety of non-neuronal tissues including the cardiovascular, immune, endocrine and reproductive systems (Matsuda et al. 1988 , Polak et al. 1993 . They include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophins 3 and 4 (NT3 and NT4). Neurotrophins are unique in that they utilise two different receptors to mediate their biological actions: tyrosine kinase (Trk) receptors encoded by the trk protooncogene family (Trk A -C and truncated isoforms), and the p75 receptor, a member of the tumour necrosis factor (TNF) receptor superfamily (Bibel & Barde 2000 , Rabizadeh & Bredesen 2003 . The p75 receptor is widely expressed and binds all neurotrophins. By contrast, the Trk receptors show selective affinity for different neurotrophins (i.e. TrkA for NGF, TrkB for BDNF and NT4 and TrkC for NT3). Splice variants and truncated isoforms of Trk receptors lacking intracellular tyrosine kinase domains have also been identified (Bibel & Barde 2000) BDNF and TrkB have been identified in the adult avian ovary (Jensen & Johnson 2001) and NT4 expression has also been localised to the oocyte in both rodent (Dissen et al. 1995) and Xenopus (Ibanez et al. 1992) . TrkB expression appears to be central to the normal formation of primordial follicles that occur in the ovary in the few days following birth in the rodent (Spears et al. 2003) , and for oocyte survival during early follicular growth (Paredes et al. 2004) , an effect that may be predominantly mediated by truncated TrkB receptors. Mice carrying a null mutation of the NGF gene show deficient development of primordial follicles (Dissen et al. 2001) . A direct effect of BDNF on murine oocyte maturation in vitro has also been reported, with increased first polar body extrusion rate in oocytes stripped of cumulus prior to maturation (Seifer et al. 2002a) . BDNF is present in human follicular fluid , and there is evidence for increased secretion of BDNF by cumulus cells, but not mural granulosa cells, in response to cAMP (Seifer et al. 2002a) . These data suggest that cumulus-derived BDNF may be involved in oocyte maturation, and it is possible that its production is stimulated by gonadotrophins.
In the present study we have investigated the effects of BDNF on maturation of the bovine oocyte as well as implications for embryo development after parthenogenetic activation. Parthenogenesis provides a means of assessing oocyte cytoplasmic competence to elicit development independently of sperm mediated factors, and is an accepted standard to assess oocyte viability for cloning and nuclear reprogramming (De Sousa et al. 2002 , Liu & Aoki 2002 . We provide evidence that cumulus cells and oocytes may have different capacities to respond to neurotrophin signalling, and that neurotrophin signalling during maturation benefits oocyte cytoplasmic competence but not nuclear maturation.
Materials and Methods

Tissues
Bovine ovaries were collected from a local abattoir and kept warm during transportation. In the laboratory, ovaries were washed in Dulbecco's phosphate-buffered saline (PBS; Oxoid Ltd, Basingstoke, Hampshire, UK) at 38 8C, after which follicles measuring 4 -8 mm were aspirated.
For immunohistochemistry, all tissue was fixed in Bouin's fluid overnight, and transferred to 70% ethanol before paraffin embedding and sectioning. To facilitate their handling prior to fixation, cumulus oocyte complexes (COCs) were first embedded in 50 ml droplets of collagen solution prepared by dissolving 4.2 mg type I rat-tail collagen (Sigma, Poole, UK) in 1 ml 0.1 M acetic acid (BDH) and mixing with an equal volume of 2 £ TCM199 (Sigma), pH 7.2, immediately before use. Droplets containing COCs were then incubated at 37 8C for 10 min to set (Izadyar et al. 1998) . For RNA isolation, ovaries were diced to 5 mm 3 cubes and COCs, denuded oocytes and cumulus were snap frozen and stored at 2 70 8C.
Extraction of RNA and synthesis and amplification of cDNA Total RNA was extracted using a RNAeasy mini kit (Qiagen, Crawley, UK) as previously described (Young et al. 1998) . Reverse transcription using a bulk first strand cDNA synthesis kit (Amersham Biosciences, Bucks, UK) was followed by PCR on 2 ml cDNA samples using 2 £ thermostart PCR mastermix as per manufacturers instructions (Abgene, Epson, UK). Specific primers for each gene are given in Table 1 . For each gene, negative controls to confirm the absence of genomic DNA consisted of PCR on RNA without performing first-strand cDNA synthesis (RT2 ), and water. A further control tube was included and run in parallel as a blank for Qiagen reagents (non-embryo control). The identity of all PCR products was confirmed by direct sequencing using an Applied Biosystems 373A automated sequencer (Applied Biosystems, Foster City, CA, USA).
Immunohistochemistry
Immunohistochemistry was performed on sections of whole ovary and COCs. Sections (5 mm) were mounted on BDH Superfrost Plus slides (BDH Laboratory Supplies, Merck Ltd, Lutterworth, UK) and dried overnight at 50 8C before processing for immunohistochemistry as previously described (Anderson et al. 2002) . Briefly, slides were incubated in 3% H 2 O 2 in methanol for 30 min to inhibit Bound antibody was visualised using 3,3 0 -diaminobenzidine tetrahydrochloride (Dako). Non-immune serum was used in place of primary antibody for negative controls as well as BDNF blocking peptide (sc-546 P, Santa Cruz Biotechnology), whilst rat brain was used as a positive control tissue. Sections were counterstained with haematoxylin, dehydrated, mounted and visualised by light microscopy. Images were captured using an Olympus Provis microscope (Olympus Optical Co., London, UK) equipped with Kodak, DCS330 camera (Eastman Kodak Rochester, NY, USA).
Oocyte maturation in vitro
Follicular aspirate was maintained at 38 8C and allowed to settle. The cellular debris was then transferred to a petridish containing HEPES-buffered TCM199 (Sigma) with 10% (heat inactivated) FCS to allow sorting and selection of COCs. All procedures were carried out in a laminar flow hood using a Leica microscope (Leica, Wetzlar, Germany) with heated stage at 38 8C. COCs were transferred through 3 £ 1.5 ml volumes of HEPES-buffered TCM199 with 10% FCS before transfer in a minimal volume to 1.5 ml of base maturation medium for random allocation into maturation treatment groups. The base medium for cumulus enclosed and denuded (see below) oocyte maturation consisted of bicarbonate-buffered TCM199 supplemented with 0.01 IU/ml follicle stimulating hormone (FSH)(Ovagen: ICPbio, Auckland, New Zealand), 0.125 IU/ml LH (Sigma) and 2 mg/ml oestradiol (Sigma). In vitro maturation treatments were comprised of culturing 15 -25 oocytes in 500 ml volume of base medium with no additional supplements (i.e. serum-free negative control), 10% FCS (positive control), 10 -100 ng/ml of recombinant human BDNF (PeproTech EC Ltd, London, UK), 5 mg/ml monoclonal anti-human BDNF (Sigma) or both 10 ng/ml recombinant human BDNF and 5 mg/ml monoclonal anti-human BDNF.
COCs were cultured at 38.5 8C in a humidified incubator with 5% CO 2 . After 26 h maturation culture COCs were stripped and either processed for immunocytochemistry to assess meiotic progression or activated to produce parthenogenetic embryos. Cumulus was stripped from oocytes by a combination of mechanical vortex and incubation in 300 IU/ml hyaluronidase (Sigma) for 60 -90 seconds in serum-free HEPES buffered Synthetic Oviduct Fluid (HEPES SOF) consisting of 108 mM NaCl, 7.2 mM KCl, 1.2 mM KH 2 PO 4 , 5 mM NaHCO 3 , 20 mM HEPES, 0.33 mM Na-Pyruvate, 1.7 mM CaCl 2 , 0.5 mM MgCl 2 , 3.3 mM Na-Lactate, 1.5 mM glucose, 3 mg/ml BSA (fatty acid free), pH 7.4, osmolarity 265-275 (Thompson et al. 1995) . Enzymatic action was neutralised by transferring oocytes through subsequent washes of HEPES SOF þ supplemented with 10% FCS.
In a second group of experiments oocytes were stripped of cumulus prior to maturation, and only completely denuded oocytes were selected, and washed in serum-free base maturation medium (see above). Five cumulus-free maturation treatments were evaluated consisting of base medium with no additional supplements (i.e. serum-free), 10% FCS, 10 ng/ml of recombinant human BDNF, 5 mg/ml monoclonal anti-human BDNF or both 10 ng/ml recombinant human BDNF and 5 mg/ml anti-human BDNF. In each experimental replicate, a sixth group of cumulus enclosed oocytes were matured in base maturation media supplemented with 10% FCS (positive control). As previously, oocytes were cultured at 38.5 8C in a humidified incubator with 5% CO 2 for 26 h and subsequently either processed for immunocytochemistry to assess meiotic progression or activated to produce parthenogenetic embryos.
Immunocytochemical analysis of meiotic progression
Maturation to metaphase II (MII) was assessed by immunocytochemical staining of microtubules to visualise spindle morphology, of microfilaments to visualise cortical membranes and segregation of the first polar body, and DAPI to visualise condensed chromatin. Stripped oocytes were fixed and immunostained for microtubules and microfilaments using a modification of the method described by Messinger & Albertini (1991) . Microtubule stabilising buffer comprising 5 £ SB (0.1 M Pipes (Sigma), 5 mM MgCl 2 , 2.5 mM EGTA pH 6.9 in NaOH), 1 M DTT, deuterium oxide (Aldrich, Gillingham, UK) and distilled water was incubated with Triton X100 (BDH) and 37% formaldehyde to make complex fix. Stripped oocytes were incubated in complex fix for 30 min at 37 8C and then washed 3 times in 0.1% goat serum before blocking in 10% goat serum for 1 h at room temperature. Oocyte groups were then incubated in the dark at 37 8C for 1 h in 50 ml droplets of 5% goat serum with rhodamine phalloidin and anti-tubulin FITC, washed 3 times in 10% goat serum and then mounted in Vectashield and DAPI (Vector). Oocytes were partially squashed with a BDNF promotes bovine oocyte cytoplasmic maturation 425 www.reproduction-online.org
Reproduction ( coverslip that was then sealed using clear nail varnish. Slides were visualised using fluorescent microscopy and each oocyte scored for meiotic progression. Oocytes were scored as MII arrested if they exhibited an alignment of chromatin along the centre of the spindle and extrusion of a single polar body containing chromatin.
Parthenogenetic activation and embryo culture
Cumulus-free oocytes were activated for 5 min at room temperature with 5 mM ionomycin (Sigma) in HEPES SOF and 10% FCS. They were subsequently washed twice in HEPES SOF with 10% FCS and then washed in SOFaaBSA culture medium (i.e. HEPES-free SOF supplemented with 1 mM-L-Glutamine, 8 mg/ml BSA (fatty acid free), 1 £ essential amino acids (Sigma B6766), 1 £ non-essential amino acids (Sigma M7145), pH 7.4, osmolarity 265 -275) (Thompson et al. 1995 , Walker et al. 1996 . Oocytes were then incubated for 4 h in SOFaaBSA containing 2.5 mM 6-dimethylaminopurine (6-DMAP; Sigma) and 35.5 mM cycloheximide (Sigma) at 38.5 8C in humidified 5% O 2 , 5% CO 2 and 90% N 2 atmosphere. Following activation, oocytes were washed three times in SOFaaBSA and transferred into 4-well Nunc plates for final culture in 500 ml SOFaaBSA under mineral oil. Embryos were examined for cleavage at 24 h post activation (day 1), and for blastocyst development on day 7. Embryo culture media was supplemented with FCS to a final concentration of 9% on day 5 of culture. Blastocyst cell nuclei were stained by addition of Hoescht 33342 (Sigma) to the culture medium at 5 ug/ml and incubated for 15 min. Subsequently, embryos were mounted on glass slides and visualised by fluorescence microscopy to determine their nuclear number.
Statistical analysis
The developmental data (proportion of oocytes reaching MII and blastocysts) were analysed by logistic regression. Effects of replicate and treatment, and their interaction were incorporated into the analysis. Also, the treatment effect was split into contrasts between one or two treatments and the rest in order to examine the differences between them. The interaction between treatment and replicate was found to be not significant. Results from all replicates were pooled for presentation. The data on blastocyst nuclei count were analysed by ANOVA to look for treatment and replicate effects.
Results
Evaluation of BDNF and receptor mRNA expression
We first considered whether mRNA for BDNF and associated receptors could be detected in RNA isolated from bovine ovary COCs, and cumulus and oocytes separately. Amplification products of the expected size corresponding to BDNF (198 bp), TrkB (206 bp), truncated TrkB (430 bp) and p75 (153 bp) receptors were first detected in RNA extracted from bovine ovarian tissue and confirmed by DNA sequencing (data not shown). All gene transcripts were also detected in RNA isolated from COCs, and cumulus cells alone (Fig. 1 ). Neither full length or truncated TrkB was ever detected in oocytes in six independent trials which simultaneously confirmed their presence in COCs and cumulus mRNA. It is therefore likely that expression in the former was reflective of transcripts in the cumulus cell component. In contrast, both BDNF and p75 could be detected in maturing and MII arrested oocytes sampled 26 h post in vitro maturation (IVM) in five independent trials.
Immunohistochemistry for BDNF and associated receptors
We next evaluated whether BDNF and its receptors could be localised in the bovine ovary and COCs by immunohistochemistry. BDNF specific staining was evident in both oocytes and granulosa cells of preantral and antral follicles, and in expanded cumulus and oocytes following IVM (Fig. 2) . While BDNF expression in oocyte cytoplasm was only faint in ovarian tissue sections, it was more marked in isolated COCs (Fig. 2C ). Cumulus cells also exhibited strong immunostaining. Some immunostaining of the theca cell layer surrounding antral follicles was also evident, as was prominent staining of vascular endothelial cells (Fig. 2B) . No staining was detected in negative controls, following preabsorption of the primary antibody with BDNF peptide (Fig. 2D-F) . A similar pattern of distribution as for BDNF was also evident for p75. Thus p75 was expressed by granulosa cells of preantral and antral follicles ( Fig. 2G and 2H) , with faint staining of theca cells surrounding antral follicles (Fig. 2H) . Oocytes of isolated COCs were positive for p75-specific immunohistochemical staining (Fig. 2I ). We were unable to obtain clear specific immunostaining for TrkB, although staining was detected in rat brain as a positive control (not shown).
Effect of BDNF on maturation of cumulus-enclosed oocytes to MII
To evaluate the effect of BDNF on bovine oocyte maturation, cumulus-enclosed oocytes were matured in the presence (positive control) or absence (negative control) of 10% FCS, or in serum-free media supplemented with 10 or 100 ng/ml BDNF, 5 mg/ml anti-BDNF blocking antibody alone, or the latter with 10 ng/ml BDNF. All oocytes in each treatment group had undergone germinal vesicle breakdown (GVBD) by the time they were analysed. In total 77% of COCs in maturation medium containing FCS were scored as MII arrested after 26 h of culture. This was 2 -3-fold greater (P , 0.01) than that observed in all other treatment groups, between which there was no significant difference in outcome (Fig. 3) . Thus, supplementation of serum-free maturation medium with BDNF was insufficient to substitute for the known benefit of serum to support nuclear maturation, when assessed at a single point in time when oocytes should have reached MII. Furthermore, a blocking antibody to BDNF did not have any additive detrimental effect on nuclear maturation above that observed for serum-free maturation in general.
Effect of BDNF during maturation of cumulus-enclosed oocytes on parthenogenetic embryo development Parthenogenetic embryo development to cleavage and blastocyst stages were evaluated following activation of oocytes matured as COCs in the previously defined treatment groups. In these trials, no attempt was made to score maturation status of oocytes following IVM, thus most oocytes, except those damaged during removal of cumulus, subsequently underwent parthenogenetic activation, irrespective of maturation status. In a first series consisting of three replicate trials, COCs matured without serum and activated (total n ¼ 83) were compared with those matured with FCS (n ¼ 103) or either 10 (n ¼ 95) or 100 ng/ml BDNF (n ¼ 91; Fig. 4A-C) . Evaluating the proportion of activated oocytes undergoing first cleavage after 24 h, there were no significant differences across treatment groups (serum-free, 63%; FCS, 65%; 10 ng/ml BDNF, 65%; 100 ng/ml BDNF, 74%; Fig. 4A ). By contrast, the proportion of activated oocytes forming blastocysts following maturation with 10 ng/ml BDNF was over 1.5-fold higher (P , 0.01) than with FCS, which was equivalent to the higher concentration of BDNF. Blastocyst yields in all treatment groups were also significantly higher than oocytes matured without serum (serum-free, 10%; FCS, 15%; 10 ng/ml BDNF, 24%; 100 ng/ml BDNF, 18%; P , 0.01). Improved blastocyst development following maturation with the lower concentration of BDNF was also apparent if calculated relative to the number of cleaved embryos (serum-free, 15%; FCS, 22%; 10 ng/ml BDNF, 37%; 100 ng/ml BDNF, 24%; P , 0.01).
In a second series of three replicate trials, the development of COCs matured without serum was compared against those matured with 10 ng/ml BDNF (the best treatment in the previous series), 10 ng/ml BDNF þ 5 mg/ml blocking antibody, or 5 mg/ml blocking antibody alone. The proportion of activated oocytes undergoing first cleavage after 24 h was significantly lower following maturation with the blocking antibody alone (30%, n ¼ 81) vs all of the other treatment groups (i.e. serum-free, 64%, n ¼ 83; 10 ng/ml BDNF, 60%, n ¼ 85; 10 ng/ml BDNF þ blocking antibody, 63%, n ¼ 76; P , 0.01). Blastocyst yields in this experimental series were generally poorer than that observed in the first series, possibly due to seasonal variations in oocyte quality commonly encountered with abattoir derived ovaries. Despite this, treatment with 10 ng/ml BDNF yielded significantly more blastocysts per activated oocytes vs any of the other treatment groups (10 ng/ml BDNF, 9%; serum-free, 2%; BDNF þ blocking antibody, 4%; blocking antibody alone, 4%; P , 0.01). Evaluating blastocyst nuclear counts for each treatment Figure 2 Immunohistochemical staining for BDNF and p75 in bovine ovarian follicles and cumulus oocyte complexes (COCs). BDNF specific immunostaining was evident in both oocytes (o) and granulosa (g) cells of preantral (A) and antral (B) follicles and in cumulus (c) and oocytes following in vitro maturation of isolated COCs (C). Some immunostaining of the theca (t) cell layer surrounding antral follicles was also evident, as was prominent staining of vascular (v) endothelial cells. In matched serial sections, this staining was blocked (D-F) if the primary antibody was first pre-incubated with the BDNF blocking peptide. Immunostaining for p75 (G-I) which was above that observed following omission of the primary antibody ( J, H), was also detected in the granulosa and thecal cell layer of preantral (G) and antral follicles (H), and in oocytes and cumulus cells of in vitro matured COCs (I, J), Polar bodies (pb) and a metaphase plate (mp) are labelled.
within and between experiment trials revealed no significant differences (i.e. for each treatment group, meansŜ .E.M., serum-free, 68^8, n ¼ 12; FCS, 68^5, n ¼ 15; 10 ng/ml BDNF, 65^6, n ¼ 31; 100 ng/ml BDNF, 77^6, n ¼ 16; 10 ng/ml BDNF þ blocking antibody, 54^6, n ¼ 3; blocking antibody alone, 63^10, n ¼ 3).
Effect of BDNF on maturation of cumulus-free oocytes to MII
To evaluate the effect of BDNF on bovine oocyte maturation without cumulus, germinal vesicle oocytes were denuded at the time of collection and matured in medium with or without 10% FCS, or in serum-free media supplemented with 10 ng/ml BDNF, 10 ng/ml BDNF þ 5 mg/ml anti-BDNF blocking antibody, or 5 mg/ml anti-BDNF blocking antibody alone. These were compared against cumulus enclosed oocytes matured with 10% FCS (positive control). At the time of analysis all oocytes had undergone GVBD. Similar to the first maturation experiment evaluating BDNF on cumulus enclosed oocytes, 71% (n ¼ 73) of COCs matured with FCS were scored as MII arrested after 26 h of culture. This was significantly higher than cumulus-free oocytes matured with FCS (39%, n ¼ 69; P , 0.01), which in turn was approximately double (P , 0.01) that observed in all of the other treatment groups (i.e. serum-free, 22%, n ¼ 69; 10 ng/ml Figure 3 Effect of BDNF on maturation of cumulus-enclosed oocytes to MII. COCs were matured in the presence (positive control) or absence (negative control) of 10% FCS, or in serum-free media supplemented with 10 or 100 ng/ml BDNF, 5 mg/ml anti-BDNF blocking antibody alone, or the latter with 10 ng/ml BDNF. The experiment was repeated four times to arrive at the average proportion of oocytes at MII after 26 h of culture. Different letters denote significant differences (P , 0.01). Number of COCs per group: serum-free n ¼ 49; 10% FCS n ¼ 43; 10 ng/ml BDNF, n ¼ 49; 100 ng/ml BDNF, n ¼ 47; 5 mg/ml anti-BDNF, n ¼ 48; 10 ng/ml BDNF þ 5 mg/ml anti-BDNF, n ¼ 47. Figure 4 Development of parthenogenetic embryos following in vitro maturation of cumulus-enclosed oocytes with BDNF. COCs were matured in the presence (positive control) or absence (negative control) of 10% FCS, or in serum-free media supplemented with 10 ng/ml or 100 ng/ml BDNF, then activated. Data from three replicate trials were pooled to arrive at the average proportion of activated eggs undergoing cleavage (A) or forming blastocysts (B), or the proportion of cleaved embryos forming blastocysts (C). Different letters (a -b) denote significant differences (P , 0.01). Number of activated oocytes per group: þ FCS, n ¼ 103; serum-free, n ¼ 83; 10 ng/ml BDNF, n ¼ 95; 100 ng/ml BDNF, n ¼ 91. Effect of BDNF during maturation of cumulus-free oocytes on parthenogenetic embryo development
In a final series of experiments, parthenogenetic embryo development to cleavage and blastocyst stages was evaluated following activation of oocytes matured in the absence of cumulus cells as described above. As with the activation experiments involving cumulus-enclosed maturation, the maturation status of oocytes was not scored and all morphologically intact oocytes were activated. This design was repeated in 5 replicate trials, each of which also included a positive control of COCs matured with 10% FCS (Fig. 5A-C) . The proportion of activated oocytes that had cleaved by 24 h was significantly higher for COCs and stripped oocytes matured with FCS and stripped oocytes matured with BDNF, vs all of the other treatment groups (i.e. COCs þ FCS, 61%, n ¼ 114; stripped þ FCS, 53%, n ¼ 119; stripped serum-free, 32%, n ¼ 115; 10 ng/ml BDNF, 43%, n ¼ 116; 10 ng/ml BDNF þ blocking antibody, 29%, n ¼ 118; blocking antibody alone, 28%, n ¼ 120; P , 0.05). Similarly, the proportion of activated oocytes forming blastocysts was significantly highest for COCs matured with FCS (33%). Cumulus-free oocytes matured with serum (13%) or 10 ng/ml BDNF (7%) were in turn significantly different from BDNF with blocking antibody (4%), and serum-free (2%), with no blastocysts formed by treatment with blocking antibody alone (P , 0.01). A similar relationship between treatment groups was observed if blastocyst yields were expressed relative to numbers of cleaved embryos (P , 0.01), with the exception that there no longer was a significant difference between BDNF and BDNF with blocking antibody. Irrespective of differences in the proportion of embryos forming blastocysts there were no differences in blastocyst nuclear counts between cumulus-free treatment groups (means^S.E.M: stripped þ FCS, 61^4, n ¼ 15; stripped serum-free, 53^13, n ¼ 2; 10 ng/ml BDNF, 57^6, n ¼ 8; 10 ng/ml BDNF þ blocking antibody, 59^5, n ¼ 5). However, blastocyst nuclear counts for COCs matured in medium containing serum were significantly higher than cumulus-free groups (85^8, n ¼ 38; P , 0.01) These findings suggest that BDNF can substitute for serum but not cumulus cells during IVM in order to support oocyte competence to form parthenogenetic blastocysts. The capacity of IVM treatment with blocking Figure 5 Development of parthenogenetic embryos following in vitro maturation of cumulus-free oocytes with BDNF or blocking antibody. Germinal vesicle oocytes were denuded at the time of collection and matured in medium with or without 10% FCS (serum), or in serumfree media supplemented with 10 ng/ml BDNF, 10 ng/ml BDNF þ BDNF blocking antibody, or blocking antibody alone prior to activation. Data from five replicate trials were pooled to arrive at the average proportion of activated eggs undergoing cleavage (A) or forming blastocysts (B), or the proportion of cleaved embryos forming blastocysts (C). Significant differences denoted by different letters (a -c; P , 0.01). Number of activated oocytes per group: COCs þ FCS, n ¼ 114; stripped oocytes þ FCS, n ¼ 119; stripped oocytes 2 FCS, n ¼ 115; 10 ng/ml BDNF, n ¼ 116; 10 ng/ml BDNF with blocking antibody, n ¼ 118; blocking antibody alone, n ¼ 120.
antibody to completely block blastocyst formation suggests that BDNF may also exert an influence on oocytes directly.
Discussion
Using a bovine oocyte IVM and parthenogenesis model system we have investigated the role of BDNF in conferring oocyte developmental competence. Both oocytes and cumulus express mRNA transcripts and protein for BDNF and the p75 receptor that has affinity for all neurotrophins, but transcripts for the full length and truncated forms of the specific TrkB receptor are confined to cumulus. BDNF cannot substitute for serum in supporting meiotic progression to MII during IVM of cumulus-enclosed or -free oocytes. Despite this it can increase or approach the yield of parthenogenetic blastocysts relative to serum mediated maturation of cumulus-enclosed or -free oocytes, respectively, via signalling pathways which are sensitive to a BDNF specific blocking antibody. These results suggest that BDNF plays a role in conferring oocyte cytoplasmic competence to support early embryo development, independently of nuclear maturation, and that this may involve both autocrine and paracrine signalling within COCs.
Our study relied on parthenogenesis rather than fertilisation to assess oocyte competence for embryonic development. In mammals parthenogenesis can yield viable offspring provided that parent-specific imprints regulating gene expression are overcome to permit the formation of a functional placenta (Kono et al. 2004 ). Without such manipulations, parthenogenesis still provides a valuable measure of oocyte competence to initiate a developmental program since development to the blastocyst stage is independent of epigenetic imprinting (Latham et al. 1994) . Accordingly, it is commonly used to assess oocyte competence to support early development following somatic or pronuclear transfer (Liu et al. 2001 , De Sousa et al. 2002 . The method of parthenogenetic activation used in our study has previously been characterised to yield equivalent rates of development to the blastocyst stage in a direct comparison with fertilised oocyte cohorts, although with a significant reduction in resulting cell number, similar to the present results (De La Fuente & King 1998) .
Important roles for Trk B receptors in oocyte survival in both the perinatal period of primordial follicle formation and during the early stages of follicle growth have been demonstrated using mouse knockout models (Spears et al. 2003 , Paredes et al. 2004 . Unfortunately however, these models have failed to illuminate the roles for these receptors or BDNF in the later stages of ovarian follicle development and for oocyte competence, due to the neonatal lethalities that they invoke (Klein et al. 1993 , Ernfors et al. 1994 . BDNF, NT-4 and NT-3 have all been detected in adult human follicular fluid (Seifer et al. 2002b . In vitro studies on human cumulus cells have also found that BDNF secretion can be stimulated by treatment with cAMP and human chorionic gonadotropin (hCG), but not recombinant FSH (Feng et al. 2003) . Both BDNF and NT-4, but not NT-3 also promoted first polar body extrusion in cumulus-free mouse oocytes matured in vitro, compared with those matured in the absence of serum or hormones (Seifer et al. 2002a,b) . Accordingly, by immunohistochemistry these studies have reported that most mouse oocytes are positive for TrkB, the BDNF and NT-4 receptor tyrosine kinase, with no immunoreactivity for TrkC, the respective receptor for NT-3. By RT-PCR the present data show p75 but not TrkB isoform mRNAs in bovine oocytes. Furthermore, we found no difference between BDNF and serum-free treatment groups in the proportion of oocytes reaching MII, both of which were inferior to supplementation with serum. This may reflect a species difference.
Our current study provides the first evidence that BDNF may benefit oocyte competence for embryonic development without necessarily benefiting maturation. Whereas approximately 80% of oocytes matured with FCS (positive control) reached MII, this was reduced to 30% in all FCSfree experimental treatments, including those with BDNF. In succeeding trials there was no difference between BDNF and FCS treatment groups in the proportion of parthenogenetic embryos which cleaved (,60%), with blastocyst yields improved or matched by BDNF treatment. Serum-free IVM has previously been shown to yield significantly fewer oocytes reaching MII, 50 -60% vs 80 -90% with serum (Lonergan et al. 1994 , Ali & Sirard 2002 . Our serum-free MII yields were generally lower. If in the absence of serum BDNF is inhibitory to meiotic maturation, this would not have been apparent in our experiments. However there was no evidence of an inhibitory effect of BDNF on subsequent parthenogenetic development.
Cumulatively, our results indicate a role for BDNF in oocyte maturation enabling both early embryo cleavage and blastocyst formation. For both cumulus-enclosed and -free maturation, the effect of the BDNF blocking antibody was first manifested by a significant reduction in cleavage. Compared with the serum treatment group, the improvement or matching of blastocyst yields with exogenously supplied BDNF was not paralleled by improved cleavage. Since BDNF did not increase the quantity of cells in blastocysts, it is likely that its effect was on oocyte and embryo survival as opposed to the promotion of growth. Further work is necessary to determine if BDNF has a physiological role during oocyte maturation.
BDNF signalling between cumulus and oocytes may be bi-directional with functionally different consequences given that both cell types express BDNF and differentially express p75 and TrkB isoforms, namely oocytes lack the latter. Trk and p75 receptors do not bind directly to each other, but can be complexed together (Bibel et al. 1999 , Lee et al. 2001 . This allows the signalling pathways triggered by both receptors to interact. The association of the two receptor types results in higher affinity ligand binding and a greater discrimination between neurotrophins. Thus, BDNF, NT3 and NT4 can each bind to the TrkB receptor, but in the presence of p75, only BDNF provides a functional response (Bibel et al. 1999) . In neurons, Trk receptors and their substrates can activate three main signalling cascades: 1) differentiation, via a Ras/Raf/ MEK/MAP kinase pathway; 2) cell survival (anti-apoptosis) by association with insulin receptor substrates leading to inactivation of proapoptotic proteins; and 3) calcium release from internal stores via PLC-g mediated production of IP 3 and production of protein kinase C, which in neurons plays a role in neurotrophin mediated neurotrophin release (for review see Bibel & Barde 2000) . All of these pathways may be relevant to follicular and oocyte maturation, but most striking is the potential for neurotrophin mediated stimulation of the MAP kinase pathway. Gonadotropin induced cumulus expansion and resumption of meiosis in oocytes is dependent upon activation of MAP kinase in granulosa cells. This activation is downstream of gonadotropin-induced elevation of granulosa cell cAMP, and is dependent upon one or more paracrine factors from the oocyte (Su et al. 2003) . BDNF secretion by cumulus is another consequence of either gonadotropin stimulation or artificial elevation of cAMP. Elevated cAMP in cumulus could lead to the same in oocytes via gap junctions, culminating in BDNF secretion by oocytes that could act in an autocrine or paracrine fashion to augment the effect of cumulus-derived BDNF. It is unknown whether BDNF derived from oocytes or cumulus would differ in their bioactivity. Neurotrophins in general are substrates for pro-protein convertases that can alter the molecular bioactivity of their targets by proteolytic cleavage during intracellular and extracellular processing. BDNF is an especially well characterised example of convertase-dependent modulation of bioactivity (reviewed in Seidah & Chretien 1999) . Thus, differences in BDNF bioactivity could be achieved by differential expression of pro-protein convertases in cumulus and oocytes.
The functional consequences of ligand interaction with the p75 receptor are also complex, and in neurons have been linked to cell survival, arrest, differentiation, and programmed cell death. Recently the concept of p75 as a 'quality control' receptor has been advanced based on evidence that it is capable of mediating programmed cell death in response to either ligand binding or withdrawal. In essence the downstream consequence of ligand interactions are proposed to be dependent on the relative proportions of p75 and Trk receptors and which neurotrophin is present (Rabizadeh & Bredesen 2003) . According to this model, binding of neurotrophins to p75 in the absence of Trk receptors, typically suppresses apoptosis. This could be the case for bovine oocytes provided they do not express TrkA or TrkC receptors. From mouse knockout models, mice homozygous for a targeted mutation in p75, rendering it functionally inactive, are viable and fertile, although they eventually develop deficits in their peripheral sensory nerves characterised by heat sensitivity and susceptibility to ulceration . This suggests that the most critical role for p75 may be to ameliorate the effect of stress, which in the case of oocyte maturation and developmental competence, might be most affected by adverse in vitro culture environments.
A number of other growth factors have been reported to improve oocyte competence to support embryo development, when applied during oocyte maturation in vitro. Epidermal growth factor (EGF) improves the yield of fertilised bovine blastocysts, but not cell number, relative to serum-free culture conditions lacking hormones (Lonergan et al. 1996) . However, this effect is preceded by promotion of the proportion of cumulus-enclosed or -free oocytes progressing to MII, the latter supporting a direct effect on oocytes. EGF-receptor tyrosine kinase mediated activation of meiosis was first described in Xenopus oocytes, and later confirmed in the rat and mouse (Maller 1985 , Ueno et al. 1988 , Downs 1989 . Studies in the latter also revealed a direct effect of EGF on cumulus, leading to the promotion of cumulus expansion. Like EGF, other groups have demonstrated that supplementation of bovine oocyte IVM culture with exogenous activin A, promotes meiotic maturation and subsequent yield of fertilised blastocysts (Stock et al. 1997 , Silva & Knight 1998 , an effect which is reduced by the activin binding protein follistatin. These gene products are synthesised by granulosa cells and are prominent components of follicular fluid (Braw-Tal 1994) . Activin A receptor mRNA can be detected in both granulosa cells and oocytes (Cameron et al. 1994) . In the former, activin A appears to increase the number of FSH receptors in granulosa cells and as such may promote gonadotropin action during maturation (Nakamura et al. 1993) . A direct effect of activin A on oocytes is supported by evidence of improved progression to MII of cumulus-free oocytes, although the mechanism by which this is achieved is unknown (Stock et al. 1997) . Activin A also promotes human germ cell survival and proliferation prior to primordial follicle formation (Martins da Silva et al. 2004) . Only midkine, a heparin-binding growth/differentiation factor, which is also a prominent feature of bovine follicular fluid, is similar to BDNF in promoting oocyte competence to reach the blastocyst stage without also improving meiotic progression to MII (Ikeda et al. 2000) . Midkine is also produced by granulosa cells under the control of gonadotropins (Minegishi et al. 1996) . Unlike BDNF however, midkine does not appear to act directly on oocytes. Its actions can also be blocked by heparin (Ikeda et al. 2000) .
In conclusion, our study adds BDNF to the list of growth factors, normally present in follicular fluid, which can specifically promote oocyte developmental competence during IVM. BDNF differs from most other factors identified however in that its effect is to promote cytoplasmic maturation without advancing nuclear maturation. This effect is likely to be complex and mediated by direct effects on both the oocyte and cumulus cells. This knowledge will be of value to the creation of completely defined culture environments free of serum for oocyte maturation, which will improve both their overall safety and the efficacy of assisted reproductive technologies applied to both animals and humans.
